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ABSTRACT 
 
The fermentation of corn into ethanol is a major usage of the American-grown corn 
crop.  During the process of corn to ethanol, corn lipid class composition changes.  The 
formation of free fatty acid (FFA) from triacylglycerol is commonly observed.  Increased 
free fatty acid fermentation byproducts result in troublesome processing to remove excess 
FFA.  The objective of this work was to determine where in the process of corn to ethanol 
FFA is generated using both industrial and laboratory-scale approaches.  Specific commercial 
steps and conditions in the process of corn to ethanol were tested to determine their role in 
the generation of FFA.  Thin-layer chromatography (TLC) and gas chromatography (GC) 
were used to quantify FFA in extracted total lipids.  FFA assay by titration was also used for 
quantification to compare to TLC-based methods.  Results indicate generation may be due to 
incremental increases at each step in the process, not due to one specific processing step.  
Furthermore, laboratory-based fermentations indicate the possible oxidation of linoleic acid, 
particularly in the FFA fraction, in corn may increase % FFA determined using titration-
based methods.  Industrial corn oil samples were tested and shown to be oxidized leading to 
an overestimate of FFA by 15-25% using FFA assay via titration compared to TLC-GC 
methods due to acid formation.  Overall FFA generation is seen throughout the entire process 
of corn to ethanol, and this trend also agrees with the increased FFA levels in industrial 
samples observed in multiple ethanol plants and studies. 
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CHAPTER 1.  INTRODUCTION: CORN ETHANOL INDUSTRY AND FREE 
FATTY ACID GENERATION 
 
 
 The fermentation of corn into ethanol is a major usage of Iowa-grown crops.  Iowa 
produces nearly 4.1 billion gallons of ethanol annually which consumes 53% of the 1.3 
million bushels of corn yearly.  This production comes from 41 ethanol plants in the state and 
accounts for 30% of ethanol produced in the United States. This sector employs 42,000 
individuals and adds $4.7 billion to the state’s GDP (Iowa Corn, 2016). 
  Corn is well suited for fermentation into ethanol.  Corn has a high starch content 
which can be enzymatically converted to sugars to fuel the yeast fermentation.  Biodiesel 
from industrial byproduct Distillers Corn Oil (DCO) extracted after the fermentation process 
(Noureddini et al., 2009), will add value to Iowa farmers’ corn crop.   
 The biodiesel industry has grown from 343 million gallons to 1.278 billion gallons 
from 2010 to 2014 in the United States.  Through November 2017, yearly production was 
1.447 billion gallons (U.S. Energy Information Administration, 2017a).  As seen in Figure 1, 
monthly biodiesel production increased until the latter part of 2015, due to declining gasoline 
prices.  From the beginning of 2016, biodiesel production increased and surpassed the 
previous maximum monthly production of 124 million gallons from August of 2015.  The 
most recent production data indicated that July 2017’s production was at a three-year high of 
150 million gallons.  In November 2017, production was 148 million gallons (U.S. Energy 
Information Administration, 2017a).  Through February 2018, this is the most up to date 
information on biodiesel production. 
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Figure 1: U.S. Monthly Biodiesel Production showing monthly production from January 
2015 through November 2017.  Over this timeframe, monthly production is up from 73 
million gallons to 148 million gallons (U.S. Energy Information Administration, 2017b). 
 
 DCO is the second most used fuelstock for biodiesel generation.  It is a cost-effective 
feedstock for production compared to other oils for biodiesel production (Agricultural 
Marketing Research Center, 2016). Ethanol plants are more widely extracting oil for 
biodiesel usage for extra revenue.  Ethanol plants that extract corn oil make $0.015-$0.037 
more per gallon of ethanol produced compared to ethanol plants that choose not to extract 
corn oil (FEC Solutions, 2017).  A proposed tax policy shift would limit biodiesel imports.  
Argentine soybean biodiesel has traditionally devalued American-produced biodiesel.  This 
new policy would limit biodiesel imports, adding value to American-made biodiesel 
(Agricultural Marketing Research Center, 2016). 
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 Through September 2017, 4,468 million pounds of soybean oil was used for biodiesel 
production in the year.  In the same timeframe, 1,129 million pounds of corn oil was used for 
biodiesel production.  Texas has 10 processing facilities which has an annual production 
capacity of 431 million gallons per year.  Iowa is second with 11 facilities producing 371 
million gallons of biodiesel yearly (U.S. Energy Information Administration, 2017a).  DCO 
based biodiesel is an important byproduct for Iowa ethanol producers and Iowa corn farmers.   
 DCO as a biodiesel feedstock has a challenge.  The free fatty acid content in this 
byproduct is too high for further processing directly to biodiesel.  These levels are 
approximately 9-12% (Wang et al., 2010), 14.2% (Winkler-Moser et al., 2011), and 10.1% 
(Moreau et al., 2011), depending on studies. 
The primary processing method for the transesterification of oil into biodiesel 
involves the addition of an alkaline catalyst.  When the free fatty acid (FFA) concentration is 
greater than 1%, a FFA salt will form.  This soap formation will prevent the ester and 
glycerol products from separating during processing and reduce overall yield of the product.  
The separation is a necessary step for total transesterification from corn oil to biodiesel 
(Noureddini et al., 2009).  A second method for transesterification is an acidic catalysis.  This 
reaction is slow and is not as widely used as the basic catalysis industrially but can be used 
for oils with high FFA.  The alkaline method is much quicker and is more efficient for 
conversion to biodiesel (Noureddini et al., 2009).  
A new method for transesterification is enzyme technology.  The use of enzymes will 
prevent the formation of a soap.  Therefore, it may be suitable for oils with high FFA 
concentrations.  However, this reaction is time intensive and enzyme technology can be 
costly.  Enzyme usability will be approximately 100 days (Fjerbaek et al., 2009), which is 
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another limiting factor.  Although this enzyme technology is potentially useful, alkaline 
transesterification is the method of choice on the industrial scale due to its efficiency and 
speed. 
Research on FFA formation will be beneficial for the processing of biodiesel and it 
will add value to corn for farmers across Iowa.  The more efficient use of a byproduct of the 
corn fermentation process will provide tremendous benefits for farmers and processors. 
DCO can also be used in the feed industry (Renewable Fuels Association, 2017) 
which will add value to the corn crop.  High FFA in DCO can be problematic in feed 
applications.  High polyunsaturated FFA can result in issues for ruminants, and linoleic acid 
(18:2) is approximately 52% of the fatty acid in corn oil (Portland State University, 2017).  
Linoleic acid caused cell membrane integrity damage on 26 main ruminant bacteria with 
different levels of damage (Maia et al., 2007).  Toxicity was due to damage to the cellular 
structures associated with the membrane (Maia et al., 2007).  Unsaturated fatty acids were 
determined to be more toxic than saturated fatty acids, possibly due to stearic disruption of 
the lipid bilayer due to the kinks associated with the double bonds (Maia et al., 2007).  The 
lack of lactate present also corresponded with higher toxicity effects in the organisms, 
attributed to the presence of linoleic acid (Maia et al., 2007).  The linoleic acid in DCO will 
disrupt microbial ruminant populations and growth, which are essential for metabolism.   
Poultry feed is another use for DCO.  Unsaturated FFA are easily oxidized compared 
to TAG and can go rancid quickly (Sherazi et al., 2007).  FFA rancidity impacts the 
digestibility of the lipid for the animal.  Furthermore, cecal activity in the large intestine in 
poultry is impaired by oxidized FFA (Sherazi et al., 2007). 
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For these reasons, minimizing the level of FFA in corn oil is highly desirable.  
Current research has not revealed where in the corn fermentation process the generation of 
FFA occurs.  The main goal of this research is the identification of where and how FFA is 
formed in the entire process corn to ethanol, so it is very significant.  The objective is to 
model laboratory-scale fermentations after industrial-scale to determine FFA formation.  
Additional work on the stability of ground corn itself and FFA levels in industrial samples 
will help to better understand FFA generation.   
Figure 2 shows many of the steps involved in the process of corn to ethanol on the 
laboratory-scale.  Many of these specific steps were tested to determine their role in the 
generation of FFA. 
 
Figure 2: Laboratory-scale fermentation to convert ground corn into ethanol showing 
industrial intermediate products and final products 
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One possibility of FFA formation is the fact that corn has a lipase enzyme (Eze et al., 
2007) that can hydrolyze FFA from the glycerol backbone.  Corn lipase showed thermal 
stability up to a temperature of 50°C (Eze et al., 2007), as shown in Figure 3.  This enzyme 
functions best at a pH level approximately 8.0 to 9.5 (Eze et al., 2007.)  This enzyme could 
increase FFA entering the system as ground corn.  
 
 
Figure 3: Corn lipase activity at varying temperatures with the highest activity observed at 
50°C (Eze et al., 2007). 
 
After enzymatic saccharification with α-amylase, corn slurry can be jet cooked.  Not 
every ethanol plant uses this step.  Jet cooking will serve two purposes.  This treatment will 
gelatinize corn starch for more efficient enzymatic hydrolysis and will sterilize the corn 
slurry prior to fermentation (Penn State College of Earth and Mineral Sciences, 2017).  A 
phenomenon known as fat-splitting may occur at this elevated temperature.  This is a 
lipolysis of the neutral lipid (Oleo International, 2017), such as corn oil. 
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α-Amylase is a widely used enzyme in industrial corn to ethanol fermentation.  This 
enzyme hydrolyzes α-1,4 glycosidic linkages in amylose and amylopectin into 
oligosaccharides of glucose molecules (Monteiro de Souza et al., 2010).  These 
oligosaccharides are then hydrolyzed further for yeast fermentation later in the process.  
Bacillus bacteria are used to produce α-amylase on a large scale.  The process of solid state 
fermentation (SSF) is used to generate α-amylase (Monteiro de Souza et al., 2010).  This 
method is advantageous for production as cost is lower compared to submerged fermentation.  
The corn ethanol industry utilizes thermostable amylase that is resistant to thermal 
denaturation during liquefaction (Monteiro de Souza et al., 2010).  In the process of 
generating commercial α-amylase, extracellular lipase is generated from SSF of Bacillus 
(Khyami-Horani, 1996).  These crude commercial enzyme solutions could possibly contain 
lipase and contribute to FFA generation (Monteiro de Souza et al, 2010). 
Glucoamylase is an enzyme added to hydrolyze short-chain glucose polymers to 
glucose for yeast fermentation.  Glucoamylase is typically produced from SSF of Aspergillus 
niger (Ellaiah et al., 2002).  During SSF, this strain of Aspergillus was shown to produce 
extracellular lipase (Mahadik et al., 2002) which might influence FFA levels during 
fermentation. 
Saccharomyces cerevisiae, used by the corn ethanol industry, will ferment glucose 
into ethanol.  S. cerevisiae can produce an extracellular lipase (Kumar et al., 2014).  This 
enzyme may be partially responsible for the hydrolysis of TAG during the long fermentation 
time, up to 96 hours.   
Another processing step where FFA could be generated or accumulated is the backset 
of thin stillage.  Thin stillage is recycled at the end of the fermentation process.  Recycling 
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saves water usage and backset is added at the slurrying step (Kwiatkowski et al., 2006).  
Whole stillage can be centrifuged into the aqueous thin stillage at approximately 7% solids 
(Wang et al., 2009) and the more solid wet cake fraction (Kwiatkowski et al., 2006).  
Roughly 30% to 50% of total thin stillage volume (Zi et al., 2013) can be backset into the 
fermentation process at the slurry step.  This backset procedure is continuously done until the 
ethanol plant is shut down for cleaning.  Degradation of oil may increase FFA due to a 
cumulative effect of the repeated backset.   
These processing steps will be investigated in this research to determine their role in 
FFA generation. 
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CHAPTER 2. DETERMINATION OF FFA GENERATING STEP IN INDUSTRIAL 
DRY-GRIND CORN FERMENTATION PROCESS 
 
To be submitted to the Journal of American Oil Chemists’ Society 
Introduction 
 A major use of Iowa-grown corn is for fermentation into ethanol.  The state produces 
nearly 4.1 billion gallons of ethanol annually consuming 53% of the 1.3 million bushels of 
corn which is responsible for 30% of ethanol produced in the United States (Iowa Corn, 
2016). 
 The generation of free fatty acid (FFA) during the process of corn to ethanol presents 
challenges that impact usage of Distillers Corn Oil (DCO), a major byproduct of ethanol 
production, and the economics for industrial byproduct usage.  The high FFA content in 
DCO is a problem for transesterification to biodiesel which is a major processing concern for 
biodiesel producers.  High FFA in corn oil used in animal feeds resulted in rumen microbe 
toxicity (Maia et al., 2007) or reduced digestibly (Sherazi et al., 2007) in poultry.  The need 
remains to determine where in the process of ground corn to ethanol this FFA change 
occurred. 
In the process of fermenting ground corn into ethanol, there are various steps which 
might be responsible for generation of FFA.   Corn has a lipase enzyme (Eze et al., 2007) that 
can produce FFA from TAG.  High FFA ground corn from lipase action entering the 
fermentation is a possible explanation for FFA increase in the product.  To model the 
reaction rate for FFA generation, the Arrhenius approach can be used.   
Jet cooking is a widely used step in the industry.  This step sterilizes slurry and 
gelatinizes starch under high thermal conditions.  TAG may be thermally degraded to FFA 
under a process called “fat-splitting” under this extreme condition (Oleo International, 2017). 
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α-Amylase and glucoamylase commercial enzymes are used to hydrolyze starch into 
glucose for yeast fermentation.  Bacillus bacteria are used to produce extracellular α-amylase 
(Monteiro de Souza et al., 2010) and Aspergillus mold is widely used for production of 
glucoamylase (Ellaiah et al., 2002).  In the production of both enzymes, extracellular lipase is 
also generated.  These commercial extracts are crude and not purified (Monteiro de Souza et 
al., 2010), therefore, any lipase present will be in the commercial enzyme.  The presence of 
extracellular lipase could have some side reaction activity to increase FFA during starch 
hydrolysis.   
Saccharomyces cerevisiae is used to ferment starch-derived glucose into ethanol.  S. 
cerevisiae can produce an extracellular lipase (Kumar et al., 2014).  During fermentation, this 
extracellular lipase from the yeast may increase FFA levels as fermentation times increase. 
 An intermediate of the dry-grind corn fermentation process is thin stillage which can 
be reintroduced, or backset, to subsequent fermentations to save water cost (Kwiatkowski et 
al., 2006), as thin stillage is approximately 7% solids (Wang et al., 2009).  The continuous 
reintroduction of oil into fermentations could increase FFA due to degradation and 
cumulative increase of FFA. 
These processing steps will be studied in this research to determine their effect on 
FFA generation during the process of ground corn to ethanol.  It was hypothesized that FFA 
is generated in all steps of the processing. 
Materials and Methods 
Materials 
 Yellow Dent #2 corn from the 2016 growing season was obtained from Davis Farms 
(Ames, IA).  The moisture content of the whole kernel corn was 15.5%.  This corn was used 
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for all laboratory-scale experiments.  α-Amylase, glucoamylase, Red Leaf yeast, commercial 
grade antibacterial chlorine dioxide solution from Lincolnway Energy (Nevada, IA) and 
ammonium sulfate (0.2 g/1 mL water) were used.  The Tornado fermentation system 
(Radleys, Saffron Walden, UK) was used for fermentation experimentation.  The Tornado 
had six available spots for fermenting six samples concurrently.  TLC plates used were 500 
micron 20 cm by 20 cm Silica Gel GF plates (Analtech, Newark, DE).  All chemicals used 
were obtained from Fisher Scientific (Fair Lawn, NJ) and Sigma-Aldrich (St. Louis, MO). 
Industrial intermediate samples were collected from Ethanol Plant 1 on October 6, 
2016.  Ground corn, corn slurry, liquefied corn, corn beer, whole stillage, thin stillage, thick 
stillage, de-fatted thick stillage, and Distillers Dried Grains and Solubles (DDGS) samples 
were collected at the facility.  After collection, samples were brought back to Iowa State 
University and placed in a -20°C freezer to limit FFA changes.   
Corn Grinding 
Yellow Dent #2 corn was ground in the Iowa State University Center for Crop 
Utilization Research (CCUR) pilot plant (Ames, IA).  Corn was ground to achieve a grind 
similar to that of industry following the method of Yao et al. (2011).  This was accomplished 
with a Fitzpatrick Mill (Model DAS 06, Fitzpatrick Co., Elmhurst, IL).  The mill was set at 
3000 rpm with a Model D6 screen 1531-0125 that had an opening size of 0.125 in. with 40% 
open area.   
Kinetics Experiment to Study FFA Generation in Ground Corn after Kernels are 
Broken 
 
In this experiment 35°C, 40°C and 45°C were selected during the storage of the 
ground corn as the accelerated condition to study FFA generation.  Maintaining corn water 
activity was essential for this study between all three treatment temperatures, and it was 
12 
accomplished by using a saturated sodium chloride solution.  The determined water activity 
for freshly ground corn was approximately 0.72, and the saturated NaCl solution provides a 
water activity of 0.75.  After grinding, corn was introduced into the respective storage 
temperatures, a sample from each temperature was collected every two hours for the first 8 
hours.  After the first day, for one week a sample from each temperature treatment was 
collected daily to determine how the FFA levels increased after the initial 8 hours.  After this 
week, samples were collected weekly for an extended sampling.  
Corn Slurry and Liquefaction 
Water was added to create 1:2 ratio of ground corn to distilled water slurry.  The 
Tornado fermentation system was utilized for all experiments.  In each Tornado flask, 150 
mL of distilled water was added to 75 grams ground corn.  For the liquefaction step, 0.15 mL 
α-amylase was added to each Tornado flask as described by Yao et al. (2011).  The system 
was quickly heated to 82°C and held for 3 hours.   
For timed corn slurry for comparison to autoclaved slurry, ground corn to water (1:2 
ratio) was heated to 40°C in a shaker with shaking to promote uniformity. 
To simulate jet cooking, the autoclave conditions were 121°C with pressure slightly 
greater than 103KPa for 20 minutes to sterilize the slurry which was the method of Yao et al. 
(2011).  To test the effect of autoclave slurry, which simulates jet cooking effect, three trials 
of control slurry without autoclave were compared to the autoclaved slurry.  For each sample, 
25 grams of corn was combined with 50 grams of water.  The comparison of treated against 
non-treated samples indicated the effect of jet cooking on FFA generation.   
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Effect of Jet Cooking on FFA Generation using a Model System 
To replicate industrial jet cooking, the CCUR pilot-scale jet cooker was utilized.  The 
following experiment was conducted: 10 liters of 10% high-oleic soybean oil in water was 
prepared to limit oxidation in the oil for FFA determination by titration.  Tween 20 was 
added at 1,000 ppm to emulsify the oil into water.  Steam pressure was 50 psi which 
corresponds to ~150°C steam.  Approximately 3 minutes was required for the 10 liters of 
material to fully cycle once through the jet cooker.  The temperature of the material exiting 
the jet cooker was 98°C.  Material temperature in the feeding tank was about 75°C.  Contact 
time of the jet cooker was very short, therefore 30 recycles were designed to determine if 
FFA was generated due to increasing stress from this treatment. 
Effect of Autoclaving to Simulate Jet Cooking in a Model System 
 Jet cooking was replicated in a model system using an autoclave.  The autoclave 
(American Sterilizer, Erie, PA) conditions were 121°C with pressure slightly greater than 
103KPa for 15 minutes following the method of Yao et al. (2011).  A second sample was 
autoclaved under the same conditions for 30 minutes for a more severe condition treatment.  
Material prepared was 1L of 10% high oleic soybean oil in water with 1,000 ppm Tween 20 
to emulsify as above. 
Effect of Slurry and Liquefaction on FFA Generation 
 Corn slurry was generated following 1:2 ratio of ground corn to distilled water.  
Using the method of Yao et al. (2011), 0.15 mL of α-amylase was added to each Tornado 
flask.  Slurry samples were heated to 82°C and held at this temperature.  Samples were 
collected during heating to 82°C and at specific times held at 82°C.   
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Corn Ethanol Fermentation 
 The methods for the laboratory fermentation process are outlined below in Figure 1.  
Samples were prepared as above.  The liquefaction temperature was set to 82°C.  Mixing 
speed was set at Power 1 and 6.5 speed on the Tornado.  When the temperature reached 
82°C, the three-hour liquefaction step began.  After three hours, samples were removed and 
placed in ice.  Flasks were removed from ice at 30°C.  The pH was adjusted with 6M sulfuric 
acid to 4.5.   Into each flask, 0.15 mL glucoamylase, 0.0255 mL antibacterial chlorine 
dioxide solution, 0.15 g Red Leaf yeast, and 0.0675 ammonium sulfate (0.2 g/1 mL water) 
were added according to the method of Yao et al. (2011).  Fermentation flasks were placed 
back on the Tornado fermentation system at 30°C. 
Effect of Fermentation Time on FFA Generation 
 To test the effect of fermentation time on FFA generation, a 30-gram ground corn 
sample was collected for initial FFA levels entering the system.  Another 30-gram sample 
was collected after water addition for slurry formation.  After the liquefaction step, a final 
30-gram sample was collected for analysis.  This liquefaction sample counted as the hour 0 
fermentation sample. 
 To carry out the fermentation, random assignment of treatments to one of the six 
fermentation slots occurred. The fermentation time treatments were as follows:  6, 16, 24, 40, 
48, 72, and 96 hr. 
Model Experiment to Determine the Effect of α-Amylase, Yeast, or Glucoamylase on 
FFA Generation 
 
 For this experiment, 1 liter of 10% high-oleic soybean oil in water was prepared to 
limit oxidation in the oil for FFA determination by titration.  Tween 20 was added at 1,000 
ppm to make oil-in-water emulsion.  Each Tornado flask received 125 g of the emulsion.  For 
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each of the three treatments, two Tornado flasks were assigned.  The pH of each flask was 
adjusted to 4.5.  For α-amylase or glucoamylase treatment, 1 mL of enzyme solution was 
added to each flask, respectively.  To each yeast treatment flask, 0.3 g yeast Red Leaf yeast 
was added.  Glucose and ammonium sulfate (0.2 g/1 mL water) were added to yeast 
treatment flasks following the method of Yao et al. (2011).  A predetermined amount of 
glucose was added based on the starch percentage in corn.  Glucose and ammonium sulfate 
were added daily.  All samples were held at 30°C for 72 hours.  Due to acidification, TLC-
GC was used for FFA quantification. 
Effect of Thin Stillage Backset on FFA Generation 
 This fermentation procedure followed the same as previously stated procedure.  
Modification included using 50 grams of corn.  Thus, less α-amylase, ammonium sulfate, 
glucoamylase, yeast, and antibacterial solution was used as outlined by Yao et al. (2011).  
After 72 hours, ethanol was evaporated from corn beer by rotary evaporation at 85°C 
under vacuum (Wang et al., 2009).  The resulting whole stillage had water added to replace 
any water lost during ethanol evaporation.  A specific centrifugation process separated whole 
stillage into thin stillage and wet cake fractions (Wang et al., 2009).  For this method, 
Multiple-Wash Centrifugal Filtration bottles were used.  Centrifugation occurred (Avanti J-
20 XPI, Backman Coulter) at 3,000 x g at 25°C for 2 minutes (Wang et al., 2009).  To 
achieve a thin stillage with the correct amount of solids present, five centrifugations and four 
washings were used (Wang et al., 2009).  Collected thin stillage was added back in to the 
next fermentation.   
In the backset experiment, 15 consecutive fermentations were completed.  The first 
fermentation used water for slurry formation.  The remaining 14 fermentations used recycled 
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thin stillage backset into the system.  Water of 75 grams was added to 75 grams thin stillage 
for 50% backset.  Samples were taken at the first, third, fifth, seventh, eighth, tenth, 
thirteenth, and fifteenth fermentations to study how the number of thin stillage backsets 
affected FFA content in the recovered oil. 
Oil Extraction and Purification 
For ground corn and DDGS samples, lipid was extracted using a 2:1 (v:v) ratio of 
chloroform to methanol.  Solvent was added in a quantity to submerge the sample 
completely.  The collected supernatant was measured in a 100 mL graduated cylinder.  From 
the amount of extract measured, water was added to ensure 20% final water in the system for 
phase separation (Christie et al., 2010).  For aqueous samples, lipid from each sample was 
extracted using a 2:1 (v:v) ratio of chloroform to methanol, and the quantity of solvent used 
ensured water was 20% of the final system.  Homogenization was used to reduce particle size 
to increase extraction efficiency for all extractions. 
Samples with solvent were then filtered using Whatman #1 filter paper.  To keep FFA 
in the free form and hydrophobic in the organic phase, a drop of 2N HCl was added to each 
extract.  Samples were individually placed in a separatory funnel and separation occurred 
overnight.  The lower lipid phase was collected for analysis.  Solvent was removed with 
rotary evaporation (80°C and 800 mbar).  Lipid samples were placed in a glass vial and 
overnight vacuum oven drying (80°C and 67kPa) followed to remove any residual solvent.   
A series of washings were used to remove any non-lipid contaminate based on the 
method of Christie (1993a).  A ratio of 4:1 (v:v) hexane to chloroform was used to remove 
any possible non-soluble corn zein protein.  Sonication to disrupt solid structure increased 
solvent interaction, and centrifugation expedited this process.    
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Solvent was evaporated using a water bath with nitrogen evaporator and placed into 
the vacuum oven for complete solvent removal.  Total oil was weighed to make a liquid 
solution a fixed concentration for TLC lipid class separation. 
Thin-layer Chromatography, Fatty Acid Methyl Ester (FAME), and GC for FFA 
Quantification 
 
 For preparative TLC plate activation, the method of Scott et al. (1970) was modified.  
Plates were placed in the oven overnight at 120°C to ensure complete removal of water.  
Fixed volumes of chloroform were added to lipid samples to plate approximately 70 mg total 
lipid per plate.  The composition of the mobile phase was 70 hexane: 30 anhydrous ether: 1 
acetic acid (v:v).  After the lipids had been developed on the plate, the FFA band was 
removed for transesterification to FAME after visualizing using 2′,7′-Dichlorofluorescein in 
ethanol. 
 Transesterification to FAME was done using an acidic catalyst.  The amount of 5 mL 
of 3% sulfuric acid in methanol solution (Christie, 1993b) and 1 mL of methyl 
heptadecanoate internal standard (3mg/mL hexane) were added to each collected TLC band 
in a glass vial.  The glass vial was capped and wrapped in Teflon tape and placed in an oven 
at 80°C for 8 hours with occasional shaking.   
 FAME were extracted by the addition of one mL hexane and one mL of water.  
Centrifugation was done at 3500 rpm for 10 minutes.  The top layer was removed into a 
second glass vial.  Water of one mL was added to wash the sample of any acid residue and 
the sample was centrifuged again under the same condition.  The top layer from the second 
vial was collected and placed in a 2 mL GC vial. 
 For GC analysis, a HP 5890 Series II (Hewlett-Packard, Palo Alto, CA) was used.  
The condition for this instrument was as follows.  The injector and detector were set at 250°C 
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each.  The oven was set at 160°C.  The temperature of the oven was increased by 5°C per 
minute to 210°C after 1 minute at 160°C.  This temperature was then held for 0.5 minute.  
The carrier gas was helium and the column used for analysis was SP 2330 (Supelco, 
Bellefonte, PA).  Detection was accomplished with a Flame Ionization Detector (FID).  
 To determine percent recovery using this method, 3 separate streaks were collected 
from a TLC plate, each with the same concentration of lipid on a 250 micron TLC plate.  The 
described process was completed to determine how much of the known lipid was quantified 
using GC. 
FFA Determination by Titration 
 The acid value of oil was determined via titration using AOCS Method Cd 3d-63 
(2017).  Determined acid value in total extracted oil was divided by 1.99 to express as 
percent oleic acid.  Potassium hydroxide titrant was standardized using potassium hydrogen 
phthalate to determine molarity. 
Oil Peroxide Value Determination 
 Peroxide value in industrial DCO was determined via titration using AOCS Method 
CD 8b-90 (2018a).  Sodium thiosulfate titrant was standardized to determine molarity. 
Oil p-Anisidine Value Determination 
 p-Anisidine value in industrial DCO was determined using AOCS Method CD 18-90 
(2018b). 
Statistical Analysis 
 Treatments replicated in duplicate have respective average deviation from mean 
presented.  Statistical analysis was conducted using JMP.  All pairs of means were compared 
using Tukey HSD analysis methods.  Statistical significance was evaluated at P = 0.05.   
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Results and Discussion 
Effect of Lipase in Ground Corn on FFA Generation 
Previous experimentation determined FFA levels in ground corn obtained from 
Ethanol Plant 1 to be 5.78%.  These ground corn samples were collected just after grinding at 
the facility on October 6, 2016.  Approximately four to six hours passed from sample 
collection to storage below -20°C.  In a separate laboratory-scale experiment, fresh ground 
corn had ~2% FFA in the corn oil that was obtained approximately 30 minutes after grinding.   
Corn lipase activity will be much lower at -20°C than at the room temperature in 
which the industrial ground corn was subjected to during transport.  This may have elevated 
FFA levels during transport at the elevated temperature.  Furthermore, ground corn that was 
initially stored in a cooler at 8°C for a month then moved to a -30°C freezer was tested to 
determine FFA levels.  The ground corn in the 8°C cooler for a month had an average FFA 
content of 9.45%.  The storage temperature and the time that corn lipase had been active may 
be responsible for these FFA levels.  Practically, there may be very little time between 
grinding and addition of ground corn to hot water to form corn slurry for liquefaction with α-
amylase.  However, if there is a delay downstream in the process, ground corn would be 
exposed or subjected to degradation.  Corn lipase will influence FFA levels for subsequent 
fermentations leading to elevated FFA in DCO.  Similarly, whole kernel corn is stored prior 
to grinding.  If the kernels were physically damaged or stored improperly, FFA could be 
generated.  Therefore, the key parameter of this kinetics study was to determine how fast 
FFA is generated in ground corn using laboratory-scale prepared corn.   
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The results from the ground corn accelerated FFA generation study provided useful 
kinetic information about corn lipase activity.  Figure 2 shows the rate of FFA generation and 
the Arrhenius modeling of the kinetic data. 
From Figure 2A, data at 45°C were omitted after day 4.  This is due to the non-linear 
trend at increased time, that is, lipid hydrolysis occurred at a faster rate at the earlier stage 
that led to an earlier FFA plateau compared to the lower temperatures.  The slope of the line 
for each temperature was the initial FFA formation rate. 
The natural log of each individual slope, or reaction rate k, was plotted against the 
inverse of temperature in Kelvin in Figure 2B.  This provides a method to determine the 
activation energy of the corn lipase enzyme. 
 Based on the result from Figure 2, the activation energy (EA) can be calculated as EA = 
63.6 


.  This value can be compared to other lipase activities that have been reported in 
literature.  The fungi Candida rugosa’s lipase had a determined activation energy of 18.07 


 (Jamie et al., 2017).  Another study was conducted on free lipase from Candida rugosa 
that had a determined activation energy of 36.82 


 (Chiou et al., 2004).   
Many plant seeds also contain lipase.  Lupin seed was found to have an activation 
energy of 1.32 


 (Sanz et al., 1990).  A recent study was done to determine the EA of lipase 
from dormant seeds during hydrolysis of olive oil.  The activation energy for this specific 
lipase was 57.84 


 (El-Hefnawy et al., 2014).   
Based on the EA reported, this value can vary widely.  Lipase is a diverse enzyme.  
Many different organisms possess the ability to hydrolyze fatty acids due to lipase.  We 
regard our FFA formation activation energy as an indicator of corn lipase activity which is 
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63.6 


, the closest EA is the unnamed dormant seeds at 57.84 


.  A possible explanation 
for higher EA for corn lipase could be that seed lipase enzymes typically have a higher 
specificity for their specific substrate compared to lipase of microbial origin (El-Hefnawy et 
al., 2014). 
Using the determined activation energy for corn lipase, it is possible to determine the 
rate of triglyceride hydrolysis to FFA via corn lipase at 25°C, or at any other temperature.  
This can be accomplished by using the linear relationship shown in Figure 2B: 
ln(k) = -7649.8 (1/T in K) + 24.797 
 The reaction rate, k, at 25°C would be 0.4175 Ms-1.   
In this experiment, maintaining water activity was essential.  If the 45°C treatment 
and the 35°C treatment were compared, more water would be evaporated from the higher 
temperature treatment.  At this higher temperature, there would be less water for fatty acid 
hydrolysis by corn lipase.  Sodium chloride solutions were used to maintain water activity at 
each temperature to limit evaporation changes related to increased temperatures.   
The FFA formation rate is not very high in this experiment due to the amount of free 
water available.  Nonetheless, it shows an active lipase activity in the ground corn.  
Therefore, quick processing and adequate storage conditions should be applied to minimize 
FFA generation at this stage. 
Effect of Jet Cooking on FFA Generation 
 In our laboratory experiment, we used an autoclave to simulate jet cooking to 
compare FFA generation to slurry held at 40°C. 
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In this experiment, the average FFA content in the autoclaved slurry was 5.16%.  This 
was statistically significant from the average of FFA values obtained from the heated corn 
slurry of 2.34%. 
This result appears to support the claim of Winkler-Moser et al. (2011) of jet cooking 
being responsible for FFA generation.  Winkler-Moser et al. (2011) conducted a study to 
determine if jet cooking heat treatment increased FFA levels in corn slurry.  The removal of 
the jet cooking step resulted in lower FFA concentrations (2.87 and 3.51%) when compared 
to sample that had been subject to jet cooking (14.2%).  However, the sample with higher 
FFA was obtained from a conventional dry-grind ethanol plant and the lower FFA samples 
were obtained from a raw-starch plant.  Raw-starch facilities use a slightly modified method 
of ethanol production, as they do not jet cook slurry prior to saccharification and 
fermentation (Winkler-Moser et al., 2011).  The authors suggested that the removal of the jet 
cooking step will decrease FFA generation following raw-starch processing (Winkler-Moser 
et al., 2011).  In the jet cooked sample, fat-splitting may occur.  Fat-splitting will hydrolyze 
triacyglerides to diglycerides, then to monoglycerides, which will release FFA (Oleo 
International, 2017).  However, typically temperature should reach 230-265°C under pressure 
for this to occur (Oleo International, 2017).  Jet cooking is not as thermally extreme as fat-
splitting conditions.  Nonetheless, limited fat-splitting may occur.  The use of an autoclave to 
replicate jet cooking resulted in a slight significant increase in mean FFA content compared 
to heated slurry on the laboratory-scale, which is comparable to the work of Winkler-Moser 
et al. (2011).  Slurrying and jet cooking are incremental FFA increases seen in the process of 
ground corn to ethanol. 
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Effect of Jet Cooking on FFA Generation using a Model System 
 An experiment on jet cooking was conducted to determine if this treatment will 
hydrolyze TAG into FFA.  This experiment was to determine if fat-splitting was a significant 
factor using an emulsion model system.  A sample of emulsion was collected after each 
recycle through the jet cooker.  For FFA analysis, disrupting the emulsion was necessary to 
obtain total oil.  The emulsion was very stable, thus acid-base titration directly using the 
emulsion was done.  Based on titration, there was no detected FFA present for 1, 5, 10, 20, or 
30 recycle samples.  Considering FFA is more polar than TAG, FFA may have had a stronger 
association to remain in the emulsion, thus TLC was used to quantify FFA in total oil.  A 
small amount of emulsion was dried to obtain total oil.  Total oil was then plated on TLC 
plates for FFA isolation and GC analysis.  For 5, 15, and 30 recycle samples, there was no 
FFA band present on the TLC plate for any of the samples.  Neither method of analysis 
yielded the presence of any FFA. 
 A reason for this could be the vaporization of FFA during jet cooking.  Therefore, a 
new experiment was conducted to control the loss of FFA. 
Effect of Autoclaving to Simulate Jet Cooking in a Model System to Determine FFA 
Generation 
 
 The testing of fat-splitting was completed under different conditions.  To match a 
strong thermal treatment, a similar emulsion system was tested using an autoclave and the 
beaker was covered to limit loss of oil.  Both the 15 and 30 minute treated samples were 
titrated to determine FFA levels.  Both samples had no detectable FFA present via titration. 
 The two model systems to replicate jet cooking resulted in zero FFA.  This was in 
contrast to the work done on the laboratory-scale.  It is possible that the FFA increases 
related to using jet cooking were slight enough that were not detected in the model system.  
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FFA Generation during Slurry and Liquefaction Steps 
 The results for the effect of slurry and liquefaction on FFA generation are presented 
in Table 1. 
 The first table block of the table shows control slurry with no α-amylase present.  
FFA levels increase from about 2% to 2.76% during heating to 82°C during slurry step.  
After this, the FFA levels increase to near 5% after 5 hours at 82°C.  There is a slight 
increase after reaching 82°C.  It is possible that there is some corn lipase activity during the 
temperature increase.   
 In the second block of Table 1, FFA levels increased slightly during slurry heating to 
82°C with α-amylase present.  FFA percentage increased from 2.82% to 5.18% after 5 hours 
at 82°C during liquefaction.   
 Both the control and enzyme treatment had a significant increase in FFA after heating 
to 82°C.  However, there is no overall significant difference between the two treatments.  To 
further illustrate this point, analysis was conducted for both treatments for samples held at 
82°C between 1 and 5 hours.  Comparing all pairs between the control and enzyme treatment, 
there is no significant difference.  This means that α-amylase did not show side lipase 
activity under these experimental conditions.  However, the temperature ramp is very short as 
the 82°C was achieved very fast.   This may be different from industrial processing 
conditions.  
The Bacillus genus of bacteria were used for producing thermostable α-amylase and 
the optimal temperature of α-amylase from B. licheniformis is 100°C (Prakash et al., 2010).  
Bacillus subtilis, Bacillus stearothermophilus, Bacillus licheniformis, and Bacillus 
amyloliquefaciens are widely used bacteria for generation of heat stable α-amylase on 
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industrial levels using SSF.  From the Bacillus bacteria, produced α-amylase had the highest 
optimum temperature and is the most suitable for the high heat used in industrial jet cooking 
to gelatinize corn starch.  Bacillus licheniformis is widely used as a source for microbial 
production of α-amylase for fuel ethanol production (Sanchez et al., 2008).  A strain of 
thermostable Bacillus licheniformis can generate an extracellular lipase, however this lipase 
has limited activity above 70°C.  The extracellular lipase has the highest activity at a pH of 
10 and temperature of 55°C (Khyami-Horani, 1996).  Other research indicated the 
extracellular lipase from B. licheniformis is thermolabile (Nthangeni et al., 2001).  Industrial 
commercial grade enzyme solutions are typically crude and not pure enzymes.  Therefore, if 
any extracellular lipase is produced during the generation of α-amylase, lipase could have 
some side reaction to hydrolyze TAG to FFA. 
Based on the result of Table 1, there is no statistical evidence to suggest that 
extracellular lipase increased FFA as a side reaction.  The reason for this could be that the 
extracellular lipase has limited activity above 70°C (Khyami-Horani, 1996).  The 
liquefaction processing step occurred very quickly to reach 82°C on the Tornado.  Therefore, 
any lipase present would not have high activity in this environment to hydrolyze FFA from 
the glycerol backbone.  However, the rate to reach 82°C may be much faster in our system 
than in the industrial system.  Therefore, the FFA generation under lower incubation 
conditions should be investigated. 
Effect of Increased Fermentation Time on FFA Generation 
 Effect of time on FFA formation was investigated, and the results of this work are 
shown in Table 2.  
26 
There is no statistical significance to suggest FFA generation during fermentation.  A 
positive increasing trend would be expected if increased fermentation time was responsible 
for FFA generation.  FFA levels have a slight increase during the slurry and liquefaction 
steps and through 6 hours of fermentation.  For the remainder of fermentation, FFA levels 
varied, which is likely due to natural variation among samples.  This lack of statistical 
evidence indicated that any possible yeast extracellular lipase activity did not generate FFA, 
or that there was no TAG thermal hydrolysis during this incubation. 
Kumar et al. (2014) determined that S. cerevisiae lipase is most stable at an acidic pH 
of approximately 5.0 to 6.0 at a temperature of 30°C.  The pH of the laboratory fermentation 
(4.5) is only slightly out of the optimum range for S. cerevisiae lipase.  The yeast is added 
just prior to the start of fermentation; thus, the yeast lipase would not be subject to extreme 
heat from jet cooking or liquefaction steps.  Even though the extracellular lipase could 
theoretically be active during the increased fermentation, there is no statistical evidence to 
support the theory of extracellular yeast lipase generating FFA. 
Comparisons can be made to other reports.  Moreau et al. (2011) reported FFA levels 
in thin stillage and other intermediates from seven ethanol plants.  The intermediates are 
further downstream in the process from corn beer samples.  All reported FFA values from 
Moreau et al. (2011) are higher than the highest reported FFA average value in Table 2.  This 
could indicate that FFA could be generated after ethanol removal and prior to centrifugation 
to thin stillage.  However, this is unlikely to occur.  The corn kernel FFA content was 
determined to be 2.28 ± 0.02 (Moreau et al., 2011).  This indicates that the ground corn was 
not stored for a long time.  Compared to the data of Winkler-Moser et al. (2011), our values 
in Table 2 are much lower.  Based on these results, thin stillage backset into the system could 
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be another reason for high FFA in DCO, and this could be due to incremental FFA 
accumulation. 
Model Experiment to Determine the Effect of Commercial α-Amylase, Glucoamylase, 
or Yeast on FFA Generation 
 
Prior work with α-amylase showed no significant FFA increase during liquefaction 
steps at 82°C.  Lipase associated with α-amylase had highest activity at a pH of 10 and 
temperature of 55°C (Khyami-Horani, 1996).  Therefore, it was possible some FFA would be 
generated at the lower thermal condition of 30°C compared to 82°C.  After 72 hours of 
incubation, oil was collected for TLC analysis.  The average FFA was determined to be 
0.38%.  This confirms previous work that indicates any lipolytic activity associated with α-
amylase does not significantly increase FFA. 
Glucoamylase had not been tested individually in this overall study to determine its 
role in FFA generation.  This was due to enzyme addition together with yeast during timed 
fermentation.  Therefore, it was tested in the model experiment.  Lipase associated with 
glucoamylase had peak activity at pH of 2.5, and 45°C was the optimum temperature 
(Mahadik et al., 2002).  Oil extracted from the 72 hour incubated sample had an average FFA 
content of 0.32%.  Based on this result, glucoamylase will not significantly increase FFA.   
  The yeast model experiment was not successful because the added glucose was 
present after 72 hours.   
In current literature, there is not abundant information on FFA generation using 
Saccharomyces cerevisiae.  However, one study analyzed the fatty acids in beer (Chen, 
1980).  During the processing of barley, only 0.1-3.0% of malt lipids were recovered into the 
beer wort (Chen, 1980).  Wort is the liquid with simple sugars to be fermented by S. 
cerevisiae.  After fermentation, initial fatty acids were not found in the finished beer, but 
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caprylic, caproic, and capric fatty acids made up 75-80% of total beer fatty acids (Chen, 
1980).  The author surmised that the long-chain fatty acids are taken up by the cell and used 
by S. cerevisiae for growth.  As a result, shorter-chain fatty acids are released (Chen, 1980).  
This phenomenon has been reported elsewhere in different experiments related to beer 
fermentation (Chen, 1980).  However, in our fermentation experiments there was no increase 
of short chain fatty acids after increased fermentation time in corn beer samples.   
Effect of Thin Stillage Backset on FFA Content in DCO 
 Thin stillage backset into the fermentation system provided insight into FFA 
generation or accumulation during this processing step.  Figure 3 shows the effect of this 
practice on FFA content in DCO extracted from thin stillage. 
The results from the backset experiment were unexpected.  Through 15 consecutive 
fermentations, the % FFA changed irregularly.  These thin stillage data are lower than those 
of Winkler-Moser et al. (2011) of 14.2% and Moreau et al. (2011) of 8.92% and 9.81% in 
industrial samples.   
During thin stillage separation, industry can expect that about half of the oil will go 
into the thin stillage phase and the other half will go into the wet cake fraction (Wang et al., 
2009).  As 30% to 50% of the thin stillage is backset into the fermentation process, up to a 
quarter of total oil can be reintroduced into the system (Zi et al., 2013).  This backset 
contains oil that can be degraded throughout the process of recycling and re-fermenting.  
Thin stillage backset may influence FFA levels.  Thin stillage is continuously backset into 
the system until the plant is closed for cleaning.  The time between cleanings is dependent on 
individual facilities.  For instance, Ethanol Plant 1 will close for cleaning yearly. 
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 This data seems to have a negative slope between the number of backsets and FFA 
level.  This shows that thin stillage backset had no significant impact on FFA generation on 
the laboratory-scale, as the slope is not significantly different from zero.  FFA levels in 
laboratory-scale might be lower compared to industrial intermediates as only 15 
fermentations were competed due to the time and resource constraints.  An industrial corn 
ethanol plant could have many more recycles of thin stillage during this period of time.  
Therefore, it is possible that the industrial samples have higher FFA levels due to a more 
cumulative effect of backset that could not be reproduced in this study. 
 A second reason why the FFA levels in this specific experiment are low may be due 
to the quantification method of FFA in thin stillage.  From collected thin stillage, a majority 
was saved for backset into the next fermentation.  This led to a small amount of total oil 
sample being extracted from the remaining thin stillage.  As a result, the GC generated peaks 
for quantification were small.  Small peaks are associated with higher amount of error in 
quantification.   
Fatty Acid Profile Changes in the FFA Lipid Class 
There is another important reason for our relatively low FFA content.  An interesting 
observation on FA composition of the FFA fraction was noted.  In the process of fermenting 
ground corn into ethanol, the FA profile of FFA became more saturated as shown in Table 3.  
 The most important trend is the decrease of unsaturated linoleic acid, 18:2.  Linoleic 
acid is 52% of corn fatty acids.  Secondly, the amount of saturated fatty acids present 
increased compared to initial ground corn.  This is an indication of lipase activity.  A 
majority of lipase are sn-1 and sn-3 regioselective (Houde et al., 2004).  Saturated fatty acids 
30 
are commonly found on the sn-1 and sn-3 acyl positions.  Therefore, lipase activity may 
contribute to the increase of saturated fatty acids presented in Table 3. 
 Majoni and Wang (2010) noted that the precipitate formed in extracted total oil from 
thick stillage was rich in FFA.  The collected precipitate contained 35.7% FFA and 70.3% of 
FFA was saturated palmitic acid (Majoni and Wang, 2010).  This supports the theory of 
increased saturated FFA from possible lipase specificity.   
 When the whole stillage was centrifuged into thin stillage and wet cake factions, it 
was done at ambient room temperature.  The saturated FFA has a melting point above 60°C, 
therefore the processing method will affect their partition significantly.  It is possible that the 
saturated palmitic and stearic acids solidified and would remain more in the wet cake 
fraction, impacting the fatty acid distribution between wet cake and thin stillage.  This will 
influence the overall profile in DCO from thin stillage in Table 3 and may partially 
contribute to the lower FFA level in the oil from thin stillage in Figure 3.  
 The increase of saturated fatty acids varied significantly between thin stillage 
samples.  This may be due to the difference in temperature of whole stillage when it was 
separated. 
In addition to lipase being responsible for the change in FA composition of the FFA 
fraction, FFA oxidation may be another factor.  During the fermentation time experiment, the 
decrease in linoleic acid can be seen in the first fermentation and in each subsequent 
fermentation in Table 4.  It was noted that this decrease occurred in all experiments that used 
the Tornado fermentation system, which is open to ambient condition.  
 However, when time on the Tornado was held below 16 hours, the loss of 18:2 is not 
as prevalent in the FFA portion of oil, as shown in Table 5. 
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It is possible that oxidation of linoleic acid had occurred during the prolonged 
treatment time.  This may also occur during the industrial fermentation, as will be supported 
later. 
 Lipid auto-oxidation or oxidation catalyzed by lipoxygenase can occur.  This 
lipoxygenase in corn will oxidize 18:2 at the 9 carbon or the 13 carbon.  Lipoxygenase in 
corn has two isoenzymes, one has peak activity near pH 9.0 and the second has peak activity 
near neutral pH (Axelrod, 1974).  In sweet corn, lipoxygenase had optimum activity at pH 6-
7 and a temperature of 50°C at partially purified form (Theerakulkait et al., 1995).  This 
specific enzyme appeared to be stable between pH 5-8.  Approximately 90% of original 
activity was inactivated after heating at 70°C at pH 7 for three minutes (Theerakulkait et al., 
1995).  It is possible that there is some activity during slurry heating or during the 
fermentation process, however lipid auto-oxidation may be more likely to occur.   
 If oxidation occurred, the primary oxidation product will break into secondary 
oxidation products which can be further oxidized to acid.  Industrial FFA determination 
typically use a titration method to measure total acids as FFA.  If oxidation byproducts were 
further oxidized to medium-chain water insoluble acids and they are present in the oil, this 
would be incorrectly measured as FFA.  This would inflate determined FFA content and 
could explain some of the high FFA results reported in literature.  This led us to compare 
FFA results by TLC-GC method compared to FFA assay via titration method which is 
presented in Table 6. 
 The result from this work indicate a 15-25% overestimate of % FFA using FFA assay 
via titration.  This difference in quantification using two methods had never been previously 
reported in this industrial corn oil.  To confirm that the overestimate was not related to a 
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systematic error in TLC-GC quantification, a recovery experiment was conducted using the 
acidic FAME approach.  The result from this was an average recovery of 94.83% and 
standard deviation of 0.97.  This shows that the overestimate was not related to a systematic 
error using GC-TLC approach. 
 The oxidative state of the industrial corn oil samples was determined to indicate its 
role in the overestimate via titration.  These results are presented in Table 7. 
The results from Table 7 indicate that corn oil obtained as a primary byproduct from 
corn-ethanol fermentation is highly oxidized.  Peroxide value will measure primary oxidation 
products.  Formed hydroperoxides are thermally degraded under high heat (Barden 2014).  
The distillation of ethanol will likely remove any formed hydroperoxides from the oil.  This 
shows that there is no primary oxidation in the corn oil after distillation.  To measure 
secondary oxidation products formed from the breakdown of primary products, p-anisidine 
value can be calculated.  This value quantifies secondary oxidation byproducts in the oil.  A 
p-anisidine value of below 10 is an indicator of a quality oil (Tadesse et al. 2017).  The p-
anisidine value levels in the DCO indicate that this oil is highly oxidized.  This level of 
increased oxidation could potentially limit applications of this byproduct oil.  Acid produced 
from oxidation will interact with basic catalyst in a similar manner to FFA, resulting in a 
processing concern.  In animal feed applications, Sherazi et al., (2007) noted that oxidized 
lipids reduced digestibility.  Overly oxidized oil, like the industrial DCO, may not be the 
ideal choice for animal feeds as a result. 
Oxidation may have taken place in laboratory-scale experimentation as evidenced by 
fatty acid profile changes and is validated in industrial samples.  The fatty acid profile for 
FFA from Ethanol Plant 1 DCO was determined.  Palmitic, stearic, oleic and linoleic were 
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29.32%, 4.54%, 19.15%, and 47.00%, respectfully.  This specific sample had less change of 
18:2 than laboratory-scale experiments.   
 To test oxidation in the laboratory-scale process, total lipid was extracted from the 
thin stillage and the wet cake obtained from Fermentation 13 in the backset experiment and 
combined into a total oil sample.  Four different tests were performed.  The FFA content was 
determined using TLC-GC and using titration-based methods.  A total oil FA profile was 
determined and the TAG band from the TLC plate was collected to determine the TAG FA 
profile in this lipid class.   
The FFA content using TLC-GC was determined to be 4.14%.  Using titration, FFA 
content was 8.33%.  The difference in the methods was likely due to the oxidation induced 
acid formation.  Analysis for the TAG band showed 53.97% linoleic acid present, the overall 
total oil had 48.61% linoleic acid and the FFA’s linoleic acid content was 27.75% as shown 
in Table 3.  These profiles show that in the laboratory-scale, oxidation was mostly limited to 
the FFA portion of total oil, not the TAG portion.  It is important to note that FFA is only ~4-
8% of total oil.  This could explain why the linoleic acid is slightly decreased in the total oil 
profile compared to TAG profile. 
FFA Content in Industrial Fermentation Intermediate Samples 
 An important objective of this research was to quantify FFA in industrial intermediate 
samples and compare the levels to our results.  The result of Ethanol Plant 1 FFA 
concentrations in oil can be seen in Table 8. 
FFA levels previously reported in literature are higher than determined FFA levels in 
industrial samples.  Ethanol Plant 1 FFA levels are the highest in the whole stillage at 9.44% 
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and the lowest in ground corn, which had 5.78% FFA, which was not immediately 
determined after collected.   
The data from Table 8 supports laboratory-scale experiments completed of gradual 
and incremental increase of FFA throughout the process.  There were very slight statistical 
differences present overall in this data.  Ground corn FFA levels were inflated due to analysis 
delay from sample travel.  Overall, the most significant increase in FFA seems to be in the 
initial stages of making slurry.  In the other intermediates, FFA levels appear to be 
incremental in their increase, which agrees with work done on the laboratory-scale. 
Moreau et al. (2011) reported an experiment that used 7 different ethanol plants to 
determine the FFA levels in their intermediate products.  Their data indicate that FFA levels 
of the same intermediate are slightly different between differing production plants.  DDGS 
had a determined FFA of 7.96, 9.27, and 12.18% in three different ethanol plants.  This type 
of natural variation was seen in the DDGS, DDG, thick stillage, and thin stillage reported by 
Moreau et al. (2011).  There were differences between Ethanol Plant 1 intermediates and 
intermediates reported by Moreau et al. (2011).  The authors determined FFA using HPLC, 
therefore any associated potential oxidation would not influence this determination.  
Furthermore, the authors provided fatty acid profiles of total lipids for ground corn and 
DDGS from three ethanol plants located in Iowa.  These profiles showed no oxidation or loss 
of unsaturated fatty acids (Moreau et al., 2011).  However, these profiles were based on total 
oil, not FFA.  Our work has shown that oxidation is primarily related to FFA, which is only 
~4-8 of total oil.  
Table 9 has been provided to compare laboratory-scale FFA levels to industrial 
intermediate FFA levels reported in literature. 
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Table 1: FFA generation during slurry and liquefaction with and without α-amylase addition 
 
Slurry sample 
Average % FFA in oil, 
control slurry 
Ground Corn 2.18 ± 0.28 AB 
64°C 1.78 ± 0.19 A 
82°C 2.76 ± 0.70 ABC 
Hour at 82°C 
1 
 
4.25 ± 0.13 BC 
2 4.72 ± 0.26 C 
3 4.79 ± 0.65 C 
5 4.93 ± 0.15 C 
Slurry sample 
Average % FFA in oil,  
α-amylase treated slurry 
Ground Corn 2.30 ± 0.08 A 
42°C 2.44 ± 0.16 A 
62°C 2.14 A 
82°C 2.82 ± 0.22 A 
Hour at 82°C  
1 4.93 ± 0.47 B 
2 5.39 B 
3 5.07 B 
5 5.18 B 
 
Means ± average deviation from mean followed by different letters are significantly different 
(0.05 probability level) within the same block of table. 
 
 
 
Table 2: Effect of fermentation time on FFA % in total oil 
 
Sample Average % FFA in oil 
Ground Corn 2.31 ± 0.26 A 
Slurry 3.12 ± 0.30 AB 
Liquefaction 4.74 ± 0.86 AB 
Corn Beer, Hour  
6  6.46 ± 0.36 B 
16 5.19 ± 0.16 AB 
24 4.52 ± 1.12 AB 
40 5.06 ± 1.00 AB 
48 5.16 ± 0.39 AB 
72 4.54 ± 0.55 AB 
96 5.03 ± 0.41 AB 
 
Means ± average deviation from mean followed by different letters are significantly different 
(0.05 probability level). 
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Table 3: Changes of linoleic acid and saturated fatty acids in FFA lipid class with the 
number of thin stillage backsets 
 
# of Fermentation, in Thin 
Stillage 
% 16:0 % 18:0 % 18:1 % 18:2 
Ground Corn 22.18 4.06 20.95 52.82 
1 32.59 9.41 21.45 36.56 
     
3 36.19 4.46 18.47 40.87 
     
5 34.41 9.35 24.89 31.36 
     
7 19.12 43.24 15.81 21.82 
     
8 34.27 8.32 26.61 30.79 
     
10 33.27 10.93 26.42 29.37 
     
13 26.01 27.75 18.49 27.75 
     
15 33.96 7.11 25.86 33.06 
 
 
 
 
 
 
Table 4: Fatty acid profile of FFA during fermentation 
 
 % 16:0 % 18:0 % 18:1 % 18:2 
Ground Corn 21.06 2.82 22.26 53.86 
Liquefaction 25.63 2.49 17.41 54.45 
Hours of 
Fermentation, in Corn 
Beer 
    
16 30.43 3.52 17.76 48.28 
24 31.77 3.81 19.08 45.34 
48 31.86 4.98 21.35 41.80 
72 31.87 6.89 24.16 37.07 
96 30.43 6.05 23.77 39.76 
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Table 5: Fatty acid composition in FFA fraction in liquefied corn 
 
 % 16:0 % 18:0 % 18:1 % 18:2 
Ground Corn 23.40 4.09 18.67 53.84 
64°C Slurry 32.98 3.83 20.85 42.34 
82°C Slurry 27.89 3.57 17.05 51.49 
Hour of Liquefaction     
1 29.64 3.41 19.07 47.88 
2 27.65 2.89 15.04 54.41 
3 17.44 2.28 13.86 56.42 
5 28.70 2.75 14.47 54.07 
 
 
 
 
 
 
 
 
 
 
Table 6: Comparison between FFA quantification methods 
 
Ethanol Plant 
(DCO Sample) 
Average % FFA, 
TLC 
Average % FFA, 
Titration 
Percent 
overestimate by 
titration 
1 8.95 ± 0.46 A 11.13 ± 0.55 B 24.36 
2 10.39 ± 0.32 A 11.95 ± 0.03 B 15.01 
3 8.92 ± 0.18 A 10.52 ± 0.10 B 17.94 
4 9.86 ± 0.12 A 11.43 ± 0.27 B 15.92 
5 7.36 ± 0.11 A 8.86 ± 0.06 B 20.38 
6 9.48 ± 0.05 A 11.79 ± 0.18 B 24.37 
7 8.42 ± 0.05 A 10.27 ± 0.04 B 21.97 
 
Means ± average deviation from mean followed by different letters are significantly different 
(0.05 probability level) within the same row of table. 
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Table 7: Oxidative state of DCO samples obtained from 7 commercial dry-grind corn ethanol 
plants 
 
Ethanol Plant (DCO Sample) Peroxide Value (meq/kg) Average p-Anisidine Value 
1 0 29.79 ± 0.69 
2 0 24.22 ± 0.90 
3 0 20.14 ± 0.44 
4 0 22.77 ± 0.02 
5 0 25.08 ± 4.13 
6 0 22.33 ± 0.28 
7 0 23.55 ± 0.71 
 
 
 
 
 
 
 
 
Table 8: FFA level in intermediate samples from ethanol plant 1 obtained during processing 
to ethanol 
 
Sample Average % FFA in oil 
Ground Corn 5.78 ± 0.05 A 
Slurry 7.58 ± 0.36 AB 
Liquefaction 8.25 ± 0.29 AB 
Corn Beer 7.98 ± 0.46 AB 
Whole Stillage 9.44 ± 1.22 B 
Thin Stillage 7.84 ± 0.27 AB 
Thick Stillage 7.93 ± 0.29 AB 
DDGS 5.93 ± 0.66 A 
 
Means ± average deviation from mean followed by differing letters are significantly different 
(0.05 probability level). 
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Table 9: Our laboratory-scale FFA values compared to those values reported in literature 
 
Sample % FFA in oil 
Laboratory Ground Corn 2.5 
Laboratory Autoclaved Corn Slurry 7.5 
Laboratory Liquefied Corn 5.0 
Laboratory 72 hour Corn Beer 5.0 
Laboratory DCO from Thin Stillage 4.0 
Raw-Starch DCO (Winkler-Moser et al., 2011) 2.87, 3.51 
Industrial Dry-Grind DCO (Winkler-Moser et al., 2011) 14.2 
Industrial DDGS (Winkler-Moser et al., 2011) 10.5 
Industrial Dry-Grind DCO (Moreau et al., 2011) 8.92, 9.81 
Industrial Dry-Grind DCO (Moreau et al., 2010) 16.42, 11.21, 11.60 
Industrial DDGS (Moreau et al., 2011) 12.18, 7.96, 8.06, 7.92, 
9.27, 9.27, 9.29 
Industrial Condensed Thin Stillage (Moreau et al., 2011) 10.10 
Industrial Dry-Grind DCO (Dasari et al., 2016) >4 
Industrial Dry-Grind DCO (Renewable Energy Group, 2018) 12.22 
Industrial Condensed Thin Stillage (Majoni and Wang, 2010) 35.7* 
Industrial DDGS (Moser, 2009) >7 
Industrial Thin Stillage (Mitra et al., 2012) 6.4 
Industrial Dry-Grind DCO (Wang et al., 2017) 9-15 
Industrial DDGS (Bruinsma et al., 2012) 9.9 
*FFA in precipitate found in oil 
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Figure 1: Laboratory scale fermentation process 
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Figure 2: (A) Effect of storage time at 3 temperatures on FFA levels in extracted oil.  The 
corresponding slope is the hydrolysis rate (k) used in the Arrhenius equation; 
(B) Arrhenius Plot of ln(k) vs. 1/T (K) 
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Figure 3: The effect of thin stillage on FFA generation, showing no apparent relationship 
between increased number of backsets and FFA level 
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CHAPTER 3. CONCLUSION 
 
 The results from this study indicate that FFA generation in the dry-grind fermentation 
of corn to ethanol is incremental and cumulative.  Rather than occurring at one specific step, 
FFA is incrementally generated throughout the process.  Each slight increase of FFA will 
increase overall FFA levels.  Key processing parameters include how long corn is held after 
grinding, time held during slurrying, jet cooking, and thin stillage backset in relation to 
generation.  This study did not reach FFA levels reported in literature due to lack of an 
overall cumulative effect seen in industrial practice.  
 The implications from this work include answering where FFA is generated.  This 
work has also shown that FFA is more saturated during increased fermentation time.  
Furthermore, oxidation during dry-grind corn fermentation was verified in this study.  This 
was validated by two FFA quantification methods.  Lastly, FFA quantification is affected by 
the method used, related to acid produced from oxidation.  This work showed that the 
byproduct oil from corn-ethanol fermentation is highly oxidized, which could limit its 
potential usage as animal feed or further usage for biodiesel applications.  This information 
had never been reported previously.   
 Moving forward, there is further work that can be done.  An interesting experiment to 
conduct would include work with industrial processing plants on the first backset 
fermentations after closing for cleaning.  This would be interesting to see how the FA profile 
changes during this process.  It would be intriguing to test on the industrial level why FFA 
levels plateau near 12%.  This could be done by collecting a sample of industrial thin stillage 
monthly to test this plateau effect, as it was beyond the scope of this work. 
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